Neutrophils are responsible for the first line of defense against invading pathogens. Their nuclei are uniquely structured as multiple lobes that establish a highly constrained nuclear environment. Here we found that neutrophil differentiation was not associated with large-scale changes in the number and sizes of topologically associating domains (TADs). However, neutrophil genomes were enriched for long-range genomic interactions that spanned multiple TADs. Population-based simulation of spherical and toroid genomes revealed declining radii of gyration for neutrophil chromosomes. We found that neutrophil genomes were highly enriched for heterochromatic genomic interactions across vast genomic distances, a process named supercontraction. Supercontraction involved genomic regions located in the heterochromatic compartment in both progenitors and neutrophils or genomic regions that switched from the euchromatic to the heterochromatic compartment during neutrophil differentiation. Supercontraction was accompanied by the repositioning of centromeres, pericentromeres, and long interspersed nuclear elements (LINEs) to the neutrophil nuclear lamina. We found that Lamin B receptor expression was required to attach centromeric and pericentromeric repeats but not LINE-1 elements to the lamina. Differentiating neutrophils also repositioned ribosomal DNA and mininucleoli to the lamina-a process that was closely associated with sharply reduced ribosomal RNA expression. We propose that large-scale chromatin reorganization involving supercontraction and recruitment of heterochromatin and nucleoli to the nuclear lamina facilitates the folding of the neutrophil genome into a confined geometry imposed by a multilobed nuclear architecture.
It is now well established that, in interphase nuclei, the chromatin fiber is folded into loops that are anchored by architectural proteins such as CTCF and members of the cohesion complex. Clusters of loops are organized as topologically associating domains (TADs). TADs, in turn, collectively associate with either the euchromatic (A) or heterochromatic (B) compartment. Finally, individual chromosomes fold into territories that only sporadically intermingle (Lieberman-Aiden et al. 2009; Dixon et al. 2012 Dixon et al. , 2015 Jin et al. 2013; Rao et al. 2014 ). An additional layer of chromatin architecture involves interactions between the chromatin fiber and nuclear structures (Bickmore and Van Steensel 2013) . Particularly well-characterized nuclear structures are the nuclear lamina, Polycomb group (PcG) bodies, transcription factories, and nucleoli. Prominent among interactions involving the chromatin fiber and nuclear structures are the heterochromatin and the nuclear lamina (Melcer and Meshorer 2010; PericHupkes et al. 2010; Meuleman et al. 2013; Towbin et al. 2013 ), a process mediated by the Lamin B receptor (LBR) and Lamin A/C (Solovei et al. 2013) . Likewise, PcG bodies associate with H3K27me3-marked transcriptionally silent chromatin to form an intrachromosomal and interchromosomal network (Denholtz et al. 2013; VieuxRochas et al. 2015) . Clusters of genes that are coordinately transcribed tend to cluster as transcription factories (Apostolou and Thanos 2008; Li et al. 2012; de Wit et al. 2013) . Finally, ribosomal DNA (rDNA) repeat elements are arranged as nucleolar organizer regions that cluster when associated with the RNA polymerase I transcription machinery to form nucleoli, a nuclear body specialized in ribosomal RNA (rRNA) transcription, processing, and assembly of ribosomes (Kalmárová et al. 2007; Németh and Längst 2011) .
Neutrophils are terminally differentiated, short-lived circulating cells. Like other leukocytes, they are continuously generated from hematopoietic stem cells and develop through intermediate developmental stages. Neutrophils belong to a special class of immune cells called polymorphonuclear cells that also includes basophils and eosinophils. Polymorphonuclear cells are unique in that their nuclei are ring-shaped or multilobulated, a feature that facilitates rapid migration through the endothelial lining of blood vessels and the interstitial spaces of tissues (Kolaczkowska and Kubes 2013) . How the genomes of polymorphonuclear cells are organized into multiple lobes remains largely unknown. A critical component involves the LBR. Homozygous nonsense mutations in the Lbr gene result in an anomaly that is characterized by a failure to generate multilobular nuclei and an accumulation of immature neutrophils (Gaines et al. 2008; Verhagen et al. 2012) . Hypolobulated neutrophils are deficient in their ability to migrate through interstitial spaces (Gaines et al. 2008 ).
Here we mapped architectural changes in genome organization during neutrophil differentiation. We found that the genome of neutrophils was characterized by an extensive loss of local genomic interactions (<3 Mb) and a gain of long-range chromatin interactions (>3 Mb) that spanned vast genomic distances. Population-based simulation of spherical and toroid genomes revealed declining radii of gyration for neutrophil chromosomes. We found that the neutrophil genome underwent widespread chromosome contraction across vast genomic distances, a process termed supercontraction. Supercontraction involved genomic regions located in the B compartment in both progenitors and neutrophils or genomic regions that switched from the A to the B compartment during neutrophil differentiation. The differentiation of neutrophils was also accompanied by the repositioning of centromeres, pericentromeres, long interspersed nuclear element 1 (LINE-1) elements, rDNA, and nucleoli from the nuclear interior to the nuclear lamina. We found that LBR expression was required to attach centromeric and pericentromeric repeats but not LINE-1 elements to the neutrophil nuclear lamina. We propose that supercontraction and recruitment of heterochromatin to the lamina facilitates the folding of neutrophil genomes into a confined geometry imposed by a multilobular nuclear structure. Furthermore, we suggest that rDNA localization regulates protein synthesis and neutrophil life span.
Results
A model system to study multilobed nuclear architecture
To examine how the neutrophil genome folds into a confined environment imposed by a multilobular nuclear structure, we used a previously described cell line that permits the isolation of large numbers of homogeneous myeloid progenitors and multilobular cells. This system uses a promyeloid cell line named ECOMG, which was established by conditional immortalization of myeloid progenitors using an E2A/PBX1-estrogen receptor fusion protein (Sykes et al. 2003) . As reported previously, ECOMG cells proliferated indefinitely in the presence of GM-CSF and estrogen, but, upon estrogen withdrawal, readily differentiated into a homogeneous population of multilobular cells (>98%) (Supplemental Fig. S1A ). To compare the transcriptomes of in vitro differentiated neutrophils with murine bone marrow-derived neutrophils (BMDNs), RNA was isolated from ECOMG progenitors (progenitors) and in vitro differentiated neutrophils. The transcriptomes of both populations were analyzed using RNA sequencing (RNA-seq) and compared with the transcription signatures of murine BMDNs (Wong et al. 2013) . We identified 3192 transcripts that were expressed at higher abundance versus 3378 transcripts that were expressed at lower abundance in differentiated neutrophils versus progenitors (Supplemental Fig. S1B ). Notably, we found that the transcription signatures of in vitro differentiated neutrophils closely correlated with primary neutrophils isolated from the bone marrow (Supplemental Fig.  S1C ). Gene ontology analysis revealed that the transcription signature of in vitro differentiated neutrophils was in agreement with previous microarray assays: Activated genes in neutrophils were enriched for adhesion, cytokine production, migration, phagocytosis, and bacterial killing (Supplemental Fig. S1D ,E), whereas repressed genes in neutrophils encoded primarily for proteins associated with metabolism, RNA processing, and translation (Supplemental Fig. S1D ). Prominent among the changes in gene expression was the coordinate decline in transcript abundance of ribosomal proteins and RNA polymerase I subunits (Supplemental Fig. S1E , right panel). Taken together, these data indicate that the transcription signature of in vitro differentiated neutrophils resembles that of primary neutrophils and that the differentiation of neutrophils is closely associated with a decline in the expression of genes associated with protein synthesis.
Neutrophil genomes are enriched for long-range genomic interactions
As a first approach to determine how the topology of the neutrophil genome differs from that of mononuclear cells, we used genome-wide chromosome conformation capture analysis followed by high-throughput sequencing (Hi-C) (Rao et al. 2014) . We found that neutrophils and BMDN, when compared with progenitors, were depleted of genomic interactions that spanned <3 Mb but were enriched for genomic interactions separated by genomic distances >3 Mb (Fig. 1A) . We next constructed chromosome-wide contact maps for autosomes as well as X chromosomes (Fig. 1B) . We found that short-range genomic interactions (diagonal) were depleted, whereas interactions across large genomic distances (off-diagonal) were enriched in neutrophils (Fig. 1B) . The differences in short-range versus long-range interactions were even more pronounced for X chromosomes (Fig. 1B) . The differences were particularly apparent in the differential heat maps constructed by subtracting contact frequencies in progenitors from neutrophils (Fig. 1B, far right panels) . The contact matrices revealed a similar distribution for TADs when comparing progenitors versus neutrophils (Supplemental Fig. S2A ). The size and numbers of TADs were highly consistent for both cell types (Supplemental Fig. S2B ). However, the average intrachromosomal contact probability as a function of genomic distance differed between progenitors and neutrophils. Specifically, we found that intra-TAD interactions and inter-TAD interactions involving adjacent TADs (<3 Mb) were depleted, whereas genomic interactions that spanned multiple TADs (>3 Mb) were enriched for neutrophils (Fig. 1C) . We next used principal component analysis to identify the A and B compartments. Genomic regions that displayed a continuum of either positive or negative PC1 values were defined as PC1 domains (PDs) (Lieberman-Aiden et al. 2009 ). Neutrophils Hi-C contact heat maps for chromosome 18 (Chr 18) (top) and the X chromosome (Chr X) (bottom) at 500-kb resolution for progenitors, neutrophils, and BMDNs are shown. The intensity of each pixel represents the normalized number of contacts between a pair of loci. The right panels indicate differential contact heat maps for chromosome 18 and the X chromosome. Subtraction of the progenitor from neutrophil contact matrices shows changes in the normalized number of contacts between the Hi-C samples. Red represents enrichment, whereas blue represents depletion for normalized contact frequencies in neutrophils. (C ) Intrachromosomal contact frequency decay curves for intra-TAD and inter-TAD interactions at 50-kb resolution for progenitors and neutrophils. (D) Intrachromosome contact frequency decay curves for the A and B compartments at 25-kb resolution for progenitor and neutrophil genomes are shown. Interactions were classified based on whether both end points are located within the A or B compartment. The crossover in contact frequencies between progenitor and neutrophil genomes is at 1.3 and 3 Mb for the A and B compartments, respectively (dashed lines). (E) Differences in distal ratio (fold change, Neu/Pro) versus the differences in PC1 values for neutrophil and progenitor genomes for each continuous PD is indicated. Color intensity corresponds to the density of the data points. Solid lines indicate nonlinear fit curves. Genome-wide, the distal ratio was significantly higher in neutrophils when compared with progenitors: a median distal ratio fold change of 1.38 for the A compartment versus 1.42 for the B compartment (dashed lines). (F ) Three representative structures for progenitor and neutrophil genomes were derived from the structure populations. Modeling was performed for genomes confined as either spherical or toroid nuclear volumes. Shown are top (middle panel) and side (bottom panel) views of modeled neutrophil nuclear structures. The dimensions and shape of the nuclear volumes are indicated and were based on experimental measurements (Supplemental Fig. S2F ). (G) The average radius of gyration for each chromosome in neutrophil and progenitor genomes was computed for two different settings. The progenitor and neutrophil genomic structures were modeled using Hi-C reads derived from progenitor and neutrophil genomes folded into spherical or toroid nuclear structures. (H) Representative structures for chromosome 1 are shown for progenitors and neutrophils with a radius of gyration similar to the average value, as indicated in resulting models.
versus progenitors displayed increased numbers of PDs that were smaller in size overall (Supplemental Fig.  S2C ). Specifically, we identified 488 PDs that switched from the A to the B compartment, whereas 342 PDs switched from the B to the A compartment (Supplemental Fig. S2D ; Supplemental Table S1 ). The size of PDs that switched during the transition from progenitors to neutrophils was significantly smaller than that of average PDs (Supplemental Fig. S2E ). We found that genomic interactions involving large genomic distances (>3 Mb) for both compartment A and B were enriched in neutrophils (Fig.  1D ). To quantify long-range versus local genomic interactions, we calculated the distal ratio (percentage of contacts that were separated by >3 Mb) for progenitors and neutrophils. We found that the distal ratio was significantly higher in neutrophils when compared with progenitors, and the differences of the distal ratio were inversely correlated with differences in PC1 values (Fig. 1E) . Specifically, genomic regions that were associated with declining PC1 values or switched PC1 values often displayed changes in interaction patterns: from short-range interactions in progenitors to long-range genomic interactions in neutrophils ( Fig. 1E ; Supplemental Table S2 ). In sum, these data indicate that neutrophil genomes are depleted for local genomic interactions (<3 Mb) but enriched for long-range genomic interactions that span vast genomic distances (>3 Mb).
Simulating spherical and toroid genomes revealed decreased radii of gyration for neutrophil chromosomes
The unique nuclear shape confers a larger surface to volume ratio in neutrophils compared with progenitors (Supplemental Fig. S2F ). To determine how changes in nuclear shape affect genome compaction, we generated three-dimensional (3D) models for mononuclear and multilobular genomes (Kalhor et al. 2012) . Specifically, a population of genome structures was generated in which chromatin contacts were statistically consistent with the experimental Hi-C maps that were derived from progenitors and neutrophils (neutrophil: correlation 0.972; progenitor: correlation 0.970). Modeling was performed for genomes confined in either spherical or toroid nuclear shapes (Fig.  1F ). We then computed the degree of compaction for each of the chromosomes by measuring the average radii of gyration (Kalhor et al. 2012) . We observed substantial differences in the radii of gyration of chromosomes in the two cell types. In neutrophils, the chromosomes were consistently more compacted with substantially lower radii of gyration when compared with progenitors ( Fig. 1G,H) . To investigate the role of the nuclear shape, we also calculated, using Hi-C reads derived from progenitor cells, the radii of gyration of progenitor genomes confined in toroid nuclear shapes. Notably, progenitor chromosomes displayed smaller radii of gyration even though the nuclear volume remained unchanged (Fig. 1G ). When changing neutrophil genomes from toroid to spherically nuclear shapes, their chromosomes showed slightly increased radii of gyration, reflecting a more elongated chromosome shape (Fig. 1G ). These observations suggest that differences in nuclear shape can impose distinct folding patterns of genomes: Multilobular toroid-like nuclei tend to favor more compacted chromosome configurations.
Supercontraction of neutrophil genomes
To determine how the increase in long-range genomic interactions as measured by Hi-C relates to spatial contraction, we focused on a 13-Mb genomic region located on chromosome 17. This 13-Mb region includes the top five distal-favored PDs in neutrophil genomes as compared with progenitor genomes identified by distal ratio analysis (Supplemental Table S2 ). In neutrophils, the 13-Mb region displayed significant enrichment for long-range genomic interactions ( Fig. 2A,B) . To visualize this region in single cells, we performed 3D-FISH using fluorescently labeled BAC probes that spanned the 13-Mb region (Fig. 2B , red bars). We found that the majority of progenitors displayed three or four fluorescent foci versus one or two foci per allele for neutrophils, indicating that the increase in longrange genomic interactions as observed by Hi-C correlates with spatial contraction (Fig. 2C,D) . Here, we refer to spatial contraction across large genomic distances as supercontraction. Taken together, these data indicate that the differentiation of neutrophils is closely associated with spatial contraction across large genomic distances, a process named supercontraction.
Epigenetic determinants that mark neutrophil differentiation
Previous observations indicated that developmental transitions are associated with the swiching of genes between the A and B compartments (Lin et al. 2012; Dixon et al. 2015) . To identify genes that switched compartments during neutrophil differentiation and how these changes relate to the activation of a neutrophil-specific transcription signature, we used GRO-seq (global run-on combined with sequencing). Overall, nascent transcript levels correlated well with those observed for RNA-seq (Supplemental Fig. S3A ). Next, we examined how changes in transcript levels during neutrophil differentiation relate to the switching of genes between nuclear compartments. We identified 65 genes that coordinately switched compartments and modulated levels of nascent transcription in differentiating neutrophils (Supplemental Fig. S3B ). Out of a total of 1033 genes that were associated with increased nascent transcription in differentiating neutrophils, 39 switched from compartment B to compartment A, whereas 26 out of 2333 genes that displayed decreased nascent transcript levels switched from compartment A to compartment B (Supplemental Fig. S3B ,F; Supplemental Table S3 ).
Given that we found that only a small proportion of genes that switched compartments exhibited coordinate changes in gene expression levels, we reasoned that other epigenetic mechanisms must exist that regulate a neutrophil-specific transcription signature. Hence, we examined progenitors and neutrophils for the genome-wide deposition of 11 epigenetic marks (data not shown).
Among these marks, the deposition of H3K27me3 was particularly intriguing. Among the 1033 genes that were activated in neutrophils, we identified 222 genes associated with promoters that were enriched for H3K27me3 in progenitors but depleted of H3K27me3 in neutrophils (Supplemental Fig. S3D-F ; Supplemental Table S3 ). Taken together, these data indicate that the activation of a neutrophil-specific transcription signature is regulated at multiple levels that include changes in nuclear location but primarily involve depletion of H3K27me3 across promoters that are associated with genes that are activated in neutrophils.
Differentiating neutrophils are enriched for long-range genomic interactions involving transcriptionally silent regions
To further evaluate the switching of genomic regions between compartments during neutrophil differentiation, we segregated switched PDs as either transcriptionally active or transcriptionally silent domains as defined by the abundance of nascent transcription. We found that 82% of PDs that switched from compartment A to B were transcriptionally silent in both progenitors and neutrophils (class I) (Fig. 3A) . Notably, class I PDs were highly enriched for H3K27me3 and chromosomal contacts that spanned large genomic distances in neutrophils (Fig. 3B-D) . Prominent among class I PDs were the Hox loci. Multiple class I PDs located in genomic regions that flank the HoxD locus displayed a concerted decrease in intradomain interactions and a concurrent increase in long-range genomic interactions in neutrophils (Fig. 3E,F) . Previous studies have revealed that, in embryonic stem cells, genomic regions associated with the HoxD locus interact with other regions that are characterized by a high abundance of H3K27me3 to generate a network of intrachromosomal and interchromosomal interactions across the A compartment (Denholtz et al. 2013; Vieux-Rochas et al. 2015) . In contrast, we found that, in neutrophils, a network of genomic interactions marked by H3K27me3 was associated with the B compartment. We next inspected progenitors and neutrophils for CTCF and RAD21 binding. CTCF occupancy remained unchanged during the transition from progenitors to neutrophils (Supplemental Fig. S4A ). However, we found that, in differentiated neutrophils, RAD21 occupancy was depleted across 4142 bound sites (Supplemental Fig. S4B ). Inspection of significant interactions with endpoints in 5-kb regions surrounding CTCF peaks revealed similar interaction frequencies for both cell types (Supplemental Fig. S4C ). When focused on interactions with endpoints across a 5-kb region surrounding differential RAD21-bound sites, we found that neutrophils displayed significantly lower interaction frequencies (Supplemental Fig. S4C ). For example, within a 13-Mb region on chromosome 11, two domains that were depleted for RAD21 occupancy and maintained CTCF binding were depleted of intradomain interactions but enriched for intrachromosomal genomic interactions that spanned vast genomic distances (Supplemental Fig. S5 , top panel, dotted purple boxes). Notably, both domains associated with this region were localized in the B compartment (Supplemental Fig. S5 , top panel, dotted purple boxes). Among the four classes of switched domains, class I PDs were most severely depleted of RAD21 occupancy (Supplemental Fig. S4D ). Taken together, these data indicate that the differentiation of neutrophils is closely associated with de novo long-range chromosomal interactions involving genomic regions located in the B compartment in both progenitors and neutrophils or genomic regions that switched from the A to the B compartment that were enriched for H3K27me3 and depleted of RAD21 occupancy.
Neutrophil genomes are enriched for interchromosomal interactions
To determine whether interchromosomal interactions were modulated during neutrophil differentiation, we analyzed progenitors and neutrophils for interchromosomal contact frequencies (Kalhor et al. 2012) . We found that interchromosomal contacts were highly enriched in neutrophil genomes when compared with progenitors (Fig. 4A,  B) . For individual chromosomes, we found that centromere-proximal ends (genomic regions located within ∼20 Mb from chromosome ends) were most enriched for interchromosomal interactions in differentiated neutrophils (Fig. 4C,D) . We next constructed genome-wide contact maps. We found that, although the chromosomal interaction pattern appeared largely unchanged, all pairs of centromere-proximal ends displayed enrichment for genomic contacts in neutrophils when compared with progenitors (Fig. 4E) . A similar trend was observed for primary BMDNs (Fig. 4E) . To validate these findings in single cells, we performed 3D-FISH using fluorescently labeled centromeric probes (Fig. 4F) . Consistent with the Hi-C contact map, we found that neutrophils displayed decreased numbers of centromeric fluorescent foci compared with progenitors, a pattern indicative of spatial clustering (Fig. 4G) . Taken together, these observations indicate that neutrophil differentiation is associated with enrichment for interchromosomal interactions that involve centromere-proximal ends.
LBR expression is required to attach centromeric and pericentromeric but not LINE-1 elements to the neutrophil lamina
To determine how centromeric and pericentromeric heterochromatin is positioned in progenitors and neutrophils, we used immuno-3D-FISH. In progenitors, centromeres and major satellite repeats were localized at both the lamina and the nuclear interior, whereas, in neutrophils, they localized primarily at the lamina (Fig. 5A,B , E). To determine how heterochromatic repeat elements were tethered at the neutrophil lamina, we generated LBR-deficient progenitors using CRISPR-cas9-mediated deletion (Supplemental Fig. S6A-C ; Cong et al. 2013) .
Lbr
−/− progenitors were differentiated and examined for localization of pericentromeric and centromeric repeat elements ( Fig. 5C-E) . We found that centromeric regions in undifferentiated Lbr −/− progenitors were numerous and primarily organized as small spherical compact bodies ( Fig. 5C-E) . In contrast, centromeres in Lbr −/− neutrophils were fewer in number and localized as large clusters that were irregular in shape and located away from the lamina (Fig. 5C-E) . Despite the striking repositioning of centromeric and pericentromeric DNA away from the lamina, we detected a rim of heterochromatin, reflected by DAPI staining, that remained associated with the lamina in differentiated Lbr −/− neutrophils. To explore the possibility that LINEs were retained at the lamina of LBR-deficient neutrophils, we performed 3D-FISH using a truncated LINE-1 element as probe. We found that, in progenitors, LINE-1 elements were dispersed throughout the nucleus but that, in differentiated neutrophils, they repositioned to the lamina (Fig. 6A-C) . Notably and distinct from Figure 5 . Pericentormeric and centromeric heterochromatin repositions to the lamina in differentiating neutrophils. (A) Pericentromeric heterochromatin in progenitors and neutrophils as well as BMDNs was visualized using immuno-3D-FISH. The lamina was stained using an antibody directed against Lamin B1. Pericentromeric DNA was identified using fluorescently labeled major satellite repeats (MSRs) as a probe. Representative image sections are presented as digitally magnified images. Original magnification, 100×. (Red) FISH foci; (green) Lamin B1; (blue) DAPI staining. Bars, 2 µm. (B) Centromeres in progenitors and neutrophils as well as BMDNs were visualized as described in A but using a centromeric repeat element as a probe. (C) MSR elements in Lbr −/− progenitors and Lbr −/− neutrophils were visualized using immuno-3D-FISH as described in A. (D) Centromeres in Lbr −/− progenitors and Lbr −/− neutrophils were visualized using immuno-3D-FISH as described in A. (E) Box and whisker plot showing the quantification of the number, volume, and distance to the lamina of MSRs and centromeres for progenitors, neutrophils, BMDNs, Lbr −/− progenitors, and Lbr −/− neutrophils using Volocity software. The distance of the MSR to the lamina that separates the edge of the MSR from the edge of the lamina was measured. The distance of the centromere to the lamina was measured using the centroid of centromere dots and the edge of the lamina. (n) Number of cells or FISH foci quantified for each sample. P-value, one-way ANOVA test for numbers, Kruskal-Wallis test for volume or distance. ( * * * * ) P < 0.0001; (ns) not significant. what was observed for other heterochromatic repeat elements, a fraction of LINE-1 elements remained associated with the nuclear lamina, whereas another fraction wrapped around chromocenters in LBR-deficient neutrophils (Fig. 6E) . Thus, LBR expression is required to anchor centromeric and pericentromeric but not LINE-1 elements to the neutrophil nuclear lamina.
Repositioning of rDNA repeats in neutrophils
In addition to centromeres, pericentromeres, and LINE-1 elements, rDNA constitutes yet another type of repeat element. To examine whether rDNA also repositions during neutrophil differentiation, we used 3D-FISH. While clusters of rDNA in progenitors were readily detectable in the nuclear interior from progenitors, rDNA foci were far fewer in numbers and predominantly localized near the neutrophil nuclear lamina (Fig. 7A,B) . To further characterize the nucleolus in differentiated neutrophils, we examined progenitors and neutrophils for B23, a nucleolar protein that marks nucleoli. We found that, during neutrophil differentiation, nucleoli condensed in size and repositioned to the nuclear lamina in an LBR-dependent manner (Fig. 7C,D) . To directly visualize the repositioning and disassembly of nucleoli in live cells, we labeled nucleoli with B23-mCherry, heterochromatin with SUV39H1-GFP, and the nuclear lamina with LBR-GFP. Briefly, progenitor cells were transduced with retroviruses expressing these fluorescent proteins and imaged in live progenitors and differentiated neutrophils. This analysis revealed that, consistent with the 3D-FISH analysis, the nucleolus condensed into small nuclear bodies that localized near the neutrophil lamina (Fig. 7E) . To examine how the folding pattern of rDNA relates to the nucleolar structure, we performed immuno-3D-FISH (Fig. 7E) . We found that, in progenitors, B23 was wrapped around arrays of rDNA but that this distinct structure disassembled in differentiated neutrophils (Fig. 7F) . Since previous studies demonstrated that Lamin B1 expression maintains the functional plasticity of nucleoli, we restored expression of Lamin B1 in neutrophils (Martin et al. 2009 ). We found that forced Lamin B1 expression was not sufficient to restore a nucleolar structure in differentiated neutrophils (Supplemental Fig. S7 ). Finally, to determine whether and how a change in nucleolar structure and nuclear location relates to rRNA abundance, we performed RNA-FISH. While ribosomal transcript abundance was high in progenitors, rRNA expression was barely detectable in differentiated neutrophils as well as in neutrophils isolated directly from bone marrow (Fig. 7G) . Collectively, these data indicate that, in differentiating neutrophils, nucleoli reorganize and reposition to the nuclear lamina, a process that is closely associated with a halt in rRNA synthesis.
Discussion
Among the wide spectrum of cells that comprise the immune system, polymorphonuclear cells, including neutrophils, eosinophils, and basophils, are unique in that their nuclei are organized into multiple lobes. Their special nuclear structure has raised the question of how their genome architecture differs from that of mononuclear cells. We used a previously developed in vitro model system of neutrophil differentiation and demonstrated that multilobular cells generated by this approach closely resemble neutrophils (in terms of transcription signatures and genome architecture) isolated from the murine bone marrow, permitting a detailed study of how segmentation of nuclei into multiple lobes affects genome topology and how such changes related to neutrophil physiology. We found that the transition from a mononuclear to a multilobular nucleus was not associated with large-scale changes in the number and sizes of TADs. However, neutrophil differentiation was accompanied by a spectrum of alterations in genome topology that included genomic interactions across vast genomic distances involving heterochromatic regions, switching of genomic regions from the A to the B compartments, and large-scale repositioning of repeat elements. Genomic regions that switch compartments and contract during developmental progression have been described previously. Prominent among these are loci encoding for regulators that control B cell fate, including EBF1 and FOXO1 (Lin et al. 2012) . Likewise, antigen receptor loci switch nuclear location and undergo locus contraction in developing B cells (Jhunjhunwala et al. 2008; Lin et al. 2012) . Supercontraction in neutrophils, however, is distinct, since it involves transcriptionally silent regions and performs a structural rather than a regulatory role. Supercontraction involves enrichment for genomic contacts involving genomic regions located in the B compartment or regions that switch from the A to the B compartment. The most striking epigenetic feature associated with supercontraction was the deposition of H3K27me3, marking pairs of interacting genomic regions that switched from the A to the B compartment. However, the repositioning from the A to the B compartment was not associated with a domain-wise redistribution of H3K27me3. Hence, it seems unlikely that H3K27me3 is the only player that promotes supercontraction. Rather, we propose that, as suggested by the simulation, the remodeling of the genome into a toroid nuclear structure is imposed by physical forces that are facilitated by the deposition of H3K27me3, ultimately leading to largescale chromosome contraction.
The changes in nuclear topology during neutrophil differentiation also involve the repositioning of genomic repeats, including centromeres, pericentromeres, and LINE-1 elements. LINE-1 elements are scattered across the genome and enriched in the B compartment and reposition at a global scale during neutrophil differentiation. A role for a subset of LINE-1 elements in structuring the genome has been proposed previously for X-chromosome inactivation and chromosome contraction (Chow et al. 2010; Corbel et al. 2013; Hall et al. 2014) . Along the same line, we suggest that, during neutrophil differentiation, LINE-1 elements promote chromosome contraction by sequestering large portions of the neutrophil genome to the lamina.
LBR expression and the generation of multilobular nuclei
Finally, as observed previously and confirmed here, the generation of multilobular nuclei requires LBR expression in neutrophils (Gaines et al. 2008; Verhagen et al. 2012) . Additinally, we demonstrate here that LBR expression is essential to sequester pericentromeric heterochromain to the lamina but is not essential for heterochromatic clustering in differentiating neutrophils. The mechanism by which LBR promotes a multilobular nuclear shape remains to be determined but can now be addressed experimentally using conditionally induced LBR-deficient ECOMG cells. Previous studies and the observations described here demonstrate that LBR expression in neutrophils is essential for the generation of multilobular nuclear structures and to sequester pericentromeric heterochromatin to the nuclear lamina. We note that neutrophils display substantial differences in nuclear morphology across species. The majority of neutrophils isolated from invertebrates as well as several reptiles (snakes and turtles), named heterophils, is mononuclear in shape. It will be of interest to determine whether differences in LBR expression between heterophil and vertebrate multilobular cells underpin the distinctive features associated with neutrophil genomes across the animal kingdom.
Repositioning of rDNA during neutrophil differentiation
During neutrophil differentiation, nucleoli mediate some of the most striking changes in nuclear architecture. We found that, during neutrophil differentiation, rDNA was sequestered at the lamina in a heterochromatic environment and was associated with a virtual absence of rRNA expression. The decline in rRNA abundance may have implications for neutrophil physiology. It is well established that at least a subset of neutrophils is short-lived cells with a half-life in peripheral blood that is less than several hours. Although still to be proven, it may very well be that the life span of neutrophils is controlled at least in part by rRNA abundance. We note that, likewise, other terminally differentiated cells, including erythrocytes, platelets, keratinocytes, and lens fiber cells, are associated with low ribosome numbers, and it will be of interest to determine whether the repositioning of rDNA is also associated with decreased protein synthesis and life span in these cell types.
Conclusion
In sum, we propose that the large-scale changes in nuclear topology established during neutrophil differentiation are orchestrated by both physical and molecular mechanisms that involve changes in geometric confinement imposed by a multilobular nuclear structure as well as enrichment for intrachromosomal interactions across vast genomic distances and the repositioning of repeat elements from the nuclear interior to the lamina.
Materials and methods

Cell culture and plasmids
Cells were maintained in a 37°C humidified incubator in the presence of 5% CO 2 . HEK293T cells were cultured in DMEM (Invitrogen, 11995-073) supplemented with 10% fetal bovine serum and plot showing the quantification of the numbers, volumes, and distances to the lamina of nucleoli using Volocity software. The distance of nucleoli to the lamina was measured between the centroid of foci and the edge of the lamina. (n) Number of cells or nucleoli quantified for each sample. P-value, one-way ANOVA test for number, Kruskal-Wallis test for volume or distance. ( * * * * ) P < 0.0001; (ns) not significant. (E) Live-cell imaging in progenitors and neutrophils. To visualize changes in nucleolar structure in live cells, nucleoli were marked by B23-mCherry, and the nuclear lamina was labeled using an LBR-GFP fusion protein; SUV39H1-GFP was generated to visualize the heterochromatin. ECOMG cells were transduced with vectors expressing LBR-GFP or SUV39H1-GFP and B23-mCherry. The transduced cells were differentiated into neutrophils. Representative image section shows the relative position of nucleoli to lamina and major satellites. Original magnification, 100×. (Red) B23; (green) LBR-GFP or SUV39H1-GFP; (blue) DAPI staining. Bars, 2 µm. Note that, in progenitors, nucleoli were readily detectable using B23-mCherry as large distinct regions located in the interior of the nucleus. Marked variations in size and shape, occasionally with very large and irregular shapes, were observed. Usually, no more than three nucleoli per cell were detected. (F) Immuno-FISH using an antibody directed against B23 and a fluorescently labeled rDNA probe in progenitors, neutrophils, Lbr −/− progenitors, and Lbr −/− neutrophils. Representative image section shows that rDNA is bridging the mininucleolar structure to major satellites. Original magnification, 100×. (Red) rDNA; (green) B23; (blue) DAPI staining. Bars, 2 µm. (G) RNA-FISH using fluorescently labeled rDNA as a probe in progenitors, neutrophils, and BMDNs. Representative image sections are presented as digitally magnified images. Original magnification, 100×. (Red) rRNA; (blue) DAPI staining. Bars, 2 µm. Note that the decrease in the nucleolar size in neutrophils is associated with a marked decline in nucleolar as well as cytoplasmic rRNA. The neutrophil mininucleolus body still maintains trace amounts of rRNA.
penicillin-streptomycin-glutamine (Invitrogen, 10378-016) . GM-CSF-dependent ECOMG cells were grown in RPMI 1640 (Invitrogen, 11875-093) with 10% FBS and penicillin-streptomycin-glutamine by the addition of 1:100 conditioned medium (∼10 ng/mL GM-CSF) isolated from a B16 melanoma cell line stably transfected with a murine GM-CSF construct. β-Estradiol (Sigma, E2758), where applicable, was added to the medium at a final concentration of 1 µM from a 10,000× stock in 100% ethanol. Differentiation of ECOMG cells into granulocytes was induced by withdrawal of β-estradiol as described previously (Sykes et al. 2003) . CD11b + Ly6G + was used as a marker to validate granulocytic differentiation at day 5 (data not shown).
In order to ectopically express Lamin B1-GFP, LBR-GFP, SUV39H1-GFP, and B23-mCherry, their coding sequences were amplified from ECOMG cell cDNA. Via BamHI and EcoRI sites, the PCR products were ligated into the multiple cloning site of a pMys-IRES-TAC vector. Retroviral supernatant was obtained through HEK293T transfection using calcium phosphate precipitation and vectors encoding for Lamin B1-GFP, LBR-GFP, SUV39H1-GFP, and B23-mCherry in conjunction with the packaging plasmid pCL-Eco. Two days after infection, samples underwent enrichment for infected cells through the use of anti-human CD25 magnetic beads (Miltenyi Biotech) and an AutoMACS separator (Miltenyi Biotech). Plasmids and maps will be provided on request.
Population-based structure modeling
We generated models of 3D genome structures using our recently introduced population-based modeling approach, which constructs a population of 3D genome structures derived from and fully consistent with the Hi-C data (Kalhor et al. 2012; Tjong et al. 2016) . By embedding the genome structural model in 3D space and applying additional spatial constraints (e.g., all chromosomes must lie within the nuclear volume, and no two chromosome domains can overlap), it is possible to deconvolute the ensemble-based Hi-C data into a set of plausible structural states. The data preprocessing, normalization, and modeling were described previously (Kalhor et al. 2012; Tjong et al. 2016) . Chromatin is represented at the level of macrodomains at ∼3-Mb resolution, which was inferred from the Hi-C data. Analysis of Hi-C and other methods are detailed in the Supplemental Material.
Accession number
The Hi-C, GRO-seq, RNA-seq, and chromatin immunoprecipitation combined with high-throughput sequencing and methylated DNA immunprecipitation sequencing data were deposited at the NCBI Gene Expression Omnibus (GEO) database and are accessible through GSE93127.
